Nicotinamide adenine dinucleotide (NAD) and its derivative nicotinamide adenine dinucleotide phosphate (NADP) are indispensable co-factors in broad-spectrum metabolic events for the maintenance of cellular homeostasis in all living organisms. In this study, the cellular expression levels of NAD biosynthesis genes in Arabidopsis were investigated. A very high expression of nicotinate/nicotinamide mononucleotide adenyltransferase (NMNAT) was observed in the differentiated stomatal guard cells of the leaf surface. Transcriptional analysis confirmed that several genes in the biosynthesis pathway were also highly expressed in stomatal guard cells. In fact, NAD and NADP metabolisms were investigated during stomatal movement. Importantly, the generation of phytohormone ABA-induced reactive oxygen species, which acts as a signal for stomatal closure, was accompanied by markedly decreased levels of NAD. The ABA-induced oxidative stress caused stomatal cell death in the nmnat mutant. Furthermore, stomata partially lost their ability to close leading to drought susceptibility. The stomata were less responsive to opening cues as well. These results indicate that NAD biosynthesis is involved in protecting guard cells from ABA-induced local oxidative stress via the regulation of NMNAT activity. In this study, it is demonstrated that NMNAT is essential for the maintenance of NAD homeostasis enabling sustainable stomatal movement.
Introduction
Nicotinamide adenine dinucleotide (NAD) and nicotinamide adenine dinucleotide phosphate (NADP) co-enzymes are indispensable redox-active components of all living organisms. NAD and NADP also play a vital and potentially rate-limiting role in the generation and scavenging of reactive oxygen species (ROS), respectively (Berger et al., 2004; Hunt et al., 2004; Mittler et al., 2004) . Mutant analyses of NADPH-dependent oxidase, a major ROS generator in plant cells, have shown that the enzyme mediates an oxidative burst in plant defence mechanisms in response to pathogenic infection (Torres et al., 2002; Kojo et al., 2006) . In addition, it plays an important role in cellular processes in response to various environmental stresses such as drought, cold, and salinity (Kasuga et al., 1999; Shinozaki et al., 2003; Nishimura et al., 2005) . To overcome cellular insults caused by excess ROS, a variety of antioxidant enzymes have evolved in scavenging ROS in plant cells. Consequently, NADP synthesis plays important roles in regulating adaptation to oxidative stress environments. In Arabidopsis, NADP is synthesized in chloroplasts and the cytoplasm by NAD kinase. The transcription of cytoplasmic NAD kinases, NADK1 and NADK3, are induced by abiotic stresses including oxidative stresses and their loss-of-function mutants are sensitive to oxidative stresses (Berrin et al., 2005; Chai et al., 2006) . The chloroplast NAD kinase, NADK2, is important in photosynthetic electron transport and chlorophyll protection against oxidative stresses (Chai et al., 2005; Takahashi et al., 2006) .
Besides NADP synthesis and antioxidant enzymes, a NAD-consuming reaction is also likely to be involved in the acquisition of tolerance to oxidative stresses (Amor et al., 1998; De Block et al., 2005) . Compared with NAD kinases and NAD coenzyme-dependent enzymes, the roles of NAD biosynthesis under stressful environments remain to be elucidated. Unlike redox reactions, NAD consumption by enzymes such as poly(ADP-ribose) polymerase (PARP) and ADP-ribosyl cyclase results in decreased cellular NAD levels under oxidative stress responses (Amor et al., 1998) . Over-activation of PARP followed by cellular insults causes NAD and ATP depletion, and eventual cell death (Ha and Snyder, 1999) . Down-regulation of PARP confers various types of abiotic stress tolerance through the alteration of stress signalling (De Block et al., 2005; Vanderauwera et al., 2007) . These data strongly suggest important roles of NAD biosynthesis in regulating a broad spectrum of cellular events during the maintenance of homeostasis, including energy compensation and signal transduction.
Because NAD depletion leads to cell death, NAD consumption is undoubtedly accompanied by NAD biosynthesis (Filipovic et al., 1999; Ha and Snyder, 1999; Rosenthal et al., 2001) . As shown in Fig. 1 , a homologydependent prediction has been used to define the biosynthetic pathway ; however, the functional analysis has not been completed. Recently, several genes involved in the early steps of NAD biosynthesis (Katoh et al., 2006) , one gene from a later step (Hashida et al., 2007) , and NAD recycling genes (Hunt et al., 2007; Wang and Pichersky, 2007) have been identified through genetic approaches in Arabidopsis. A deficient NAD biosynthesis in male gametophytes is known to impair pollen tube growth (Hashida et al., 2007) . The NIC2 gene encodes nicotinamidase, which acts in recycling nicotinamide back to NAD, and the turnover of nicotinamide appears to control the level of NAD and play important roles in germination (Hunt et al., 2007) . Thus, in addition to stress responses, several plant developmental processes could coincide with the dynamics of NAD. Several reports have evaluated the level of NAD coenzymes in a broad range of processes including carbon and nitrogen metabolism , senescence (Schippers et al., 2008) , germination (Hunt et al., 2007; Hunt and Gray, 2008) , stem bolting (Liu et al., 2009) , and stress responses (Shen et al., 2006; Wang and Pichersky, 2007) . However, the mode of action (redox partner or substrates) could depend on cell specificity since almost all living plant cells contain NAD co-enzymes. Therefore, the underlying basis for the NAD dynamics cannot readily be elucidated through bulk metabolite quantification from seedlings, stem or leaf extracts. Hence, the identification of the cell in which NAD consumption is ongoing is needed to investigate NAD dynamics under stressful environment and developmental processes. The aim of this study was, firstly, to identify new sites where NAD biosynthesis occurs, Arrows indicate metabolic conversion in NAD biosynthesis and the dashed arrows indicate NAD degradation. In the early step, L-aspartate is converted to NaMN in three steps. In the late step, NaMN is converted to NAD in two steps catalysed by NMNAT and NADS. NAD is metabolized to nicotinamide or NMN by NAD degradation. Nicotinamide is recycled back to NaMN or converted to NMN via some unidentified biochemical reactions. NMN is directly recycled back to NAD by NMNAT catalysis or metabolized to nicotinamide. Abbreviations: AO, L-aspartate oxidase (At5g14760); QS, quinolinate synthetase (At5g50210); QPT, quinolinate phosphoribosyltransferase (At2g01350); NMNAT, nicotinate/nicotinamide mononucleotide adenyltransferase (At5g55810); NADS, NAD synthetase (At1g55090); NPT1 and 2, nicotinate phosphoribosyltransferase 1 and 2 (At4g36940 and At2g23420); NIC1, 2, 3, and 4, nicotinamidase 1, 2, 3, and 4 (At2g22570, At5g23230, At5g23220, and At3g16190).
secondly, to evaluate NAD dynamics and the behaviour of the NAD biosynthetic enzyme activity, and, lastly, to determine the functional role of NAD biosynthesis. A novel finding in this study is that stomatal guard cells are active sites for NAD biosynthesis and further suggests a functional role of NAD co-enzymes in the adaptation to drought stress via ABA signalling of stomatal movement.
Materials and methods
Plant materials and plasmid constructions Arabidopsis thaliana was cultivated in growth chambers at 23°C under continuous light (60 lmol m À2 s
À1
). Columbia ecotype (Col-0) was used as a wild-type line. As a NAD biosynthetic mutant line, the heterozygous nmnat was used because the homozygote was unavailable due to gametophytically reduced male fertility and embryonic lethality (Hashida et al., 2007) . cDNA of AGI (Arabidopsis Genome Initiative; http://www.arabidopsis .org) code At5g55810, which encodes nicotinate/nicotinamide mononucleotide adenyltransferase (NMNAT), was amplified with a primer set (5#-CACCATGGATCTCCCGTTACAGT-3# and 5#-TGTGAGCTCAGTGTATAGTT-3#) and then cloned into a pENTR-D/TOPO vector (Invitrogen; http://www.invitrogen.com). This insert was then cloned into either a pH2GW7 binary vector to generate transgenic plants over-expressing NMNAT or into a pK7FWG2 binary vector to generate transgenic plants expressing NMNAT-GFP fusion. The resultant plasmids were then transformed into Agrobacterium tumefaciens strains EHA105. Transgenic plants were generated by Agrobacterium-mediated floral dip methods (Curtis and Grossniklaus, 2003) . Transgenic plants were selected on half-strength Murashige and Skoog (MS) medium supplemented with 1% (w/v) sucrose and 0.8% (w/v) agar at pH 5.7 and 40 lg ml À1 hygromycin.
Epidermal peels collection
For the collection of epidermal tissues including stomata, fully expanded 4-5-week-old rosette leaves of Arabidopsis were crushed for 2-3 min in a blender (Nihonseiki kaisha; http://www.nissei-ss .co.jp) containing 100 ml of cold distilled water. The epidermis was collected on two layers of 100 lm nylon mesh, rinsed with buffer 1 (250 mM mannitol, 0.5 mM MgCl 2 and 0.5 mM CaCl 2 ) and incubated in the first-step digestion medium containing 0.5% (w/v) cellulase R-10 (Yakult Pharmaceutical Industry Co.; http://www .yakult.co.jp), 0.002% (w/v) Pectolyase Y-23 (Kyowakasei Co., Kyoto, Japan), 0.1% polyvinylpyrrolidone K-30, 0.2% (w/v) BSA, and 10 mM MES/KOH at pH 5.6, in buffer 1 at 26°C for 3 h with a shaking speed of 140 strokes min À1 . The epidermal tissues including stomata were then collected on a 50 lm nylon mesh and rinsed with buffer 1 and floated on incubation buffer A (30 mM KCl and 10 mM MES/KOH, pH 6.15) for 30 min at room temperature and used for our experiments.
Guard cell and mesophyll cell protoplasts isolation For the isolation of guard cell protoplasts, the epidermal tissues collected on the 50 lm nylon mesh were rinsed with buffer 2 (400 mM mannitol, 0.5 mM MgCl 2 , and 0.5 mM CaCl 2 ) and then incubated in the second-step digestion medium containing 1.5% cellulase Onozuka RS, 0.02% (w/v) Pectolyase Y-23, and 0.2% (w/v) BSA in buffer 2 (pH 5.5) at 19°C for 2 h with a shaking speed of 40 strokes min
À1
. After a majority of the guard cells became rounded, the peels in the digestion medium were gently passed through a 20 ml glass Komagome pipette (AS ONE Corporation; http://www.as-1.co.jp/) several times to release guard cell protoplasts, and subsequently the peels were removed by two layers of 50 lm nylon mesh. The filtrates were further passed through four layers of 10 lm nylon mesh, and mesophyll cell protoplasts (MCPs) were removed by centrifugation at 200 g for 4 min, and stored in buffer 2 at room temperature until use. The guard cell protoplasts (GCPs) were collected by further centrifugation of the supernatant at 1000 g for 10 min. The resultant pellet was washed three times with buffer 2, and the GCPs were purified by Histopaque treatment (Sigma, http://www.sigmaaldrich.com/) as described previously (Pandey et al., 2002; Negi et al., 2008) .
Reverse transcription-polymerase chain reaction analysis Total RNAs from 2-week-old seedlings, epidermal peels, GCPs, and MCPs were extracted using the RNeasy mini prep kit (Quiagen), and then first-strand cDNA was synthesized with total RNA and subjected to PCR analysis. Before RNA extraction, GCPs and MCPs were incubated in buffer 2 supplemented with or without 20 lM ABA for 1 h. Primers 5#-GATTTCATGTTCTTG-GAGGAT-3# and 5#-TGTGAGCTCAGTGTATAGTT-3# were used for RT-PCR to amplify the nicotinate/nicotinamide mononucleotide adenyltransferase gene (NMNAT) transcripts, primers 5#-GCGGCCGCCCCCTTCACCATG-3# and 5#-TGTGAGCT-CAGTGTATAGTT-3# were used to amplify the NMNAT transgenes, primers 5#-CACCATGAATGCAAGTGGGAGTCA-3# and 5#-GGTCGCTTGCCTGTAACTGT-3# were used to amplify transcripts of At1g55090 encoding the NAD synthetase gene (NADS), primers 5#-CCGATCTTCTACCATCTCTTGGAGCCAGG-3# and 5#-AGTTGCAGCCTCCAAACTTCTCACTTGC-3# were used to amplify transcripts of At5g46240 encoding the potassium channel gene (KAT1), primers 5#-GCTTCTCTTCGCCAACAAAT-3# and 5#-ATTCAAGTCCCCAAAGCTCA-3# were used to amplify transcripts of At3g01500 encoding the carbonic anhydrase gene (CA1), and primers 5#-AGAGGTTGACGAGCAGATGA-3# and 5#-CCT-CTTCTTCCTCCTCGTAC-3# were used to amplify transcripts of At5g44330 encoding the b-tubulin 4 gene (TUB4) as an internal control.
ROS detection in guard cells of epidermal peels ROS generation in guard cells of epidermal peels was detected using 2#,7#-dichlorofluorescein diacetate (DCF-DA; Invitrogen) according to the methods described by Pei et al. (2000) . Epidermal peels were floated on opening buffer (10 mM MES-KOH at pH 6.15, 10 mM KCl, 0.2 mM CaCl 2 , and 0.1 mM EGTA) for 2 h under continuous light at 23°C to induce stomatal opening. After the stomata opened, 50 lM DCF-DA was added to the solution for 10 min, and subsequently washed with opening buffer and then incubated in opening buffer for 20 min. Subsequently, 20 lM ABA was added to the solution after which the stomata in the epidermal peels were observed for fluorescence at a desired time using a confocal laser scanning microscope (BX50, Olympus) with excitation at 488 nm and emission at 535 nm. Ethanol (0.1%) was added in the control experiment. The relative fluorescence emission and the fluorescent intensity were mapped into pseudo-colour pixels with values ranging from 0 to 255 and data were quantified as mean pixel intensity using ImageJ software (National Institute of Health).
CE/MS analysis of nicotinamide co-enzymes (NAD, NADP, and NaAD) After the incubation in opening buffer as described in the above section, epidermal peels were incubated for 0-24 h in incubation buffer A in the presence of 0-50 lM ABA and/or 20 lM diphenyleneiodonium (DPI). Before quantification of NAD and NADP, the effect of ABA was confirmed for ROS generation as described above. Subsequently, the epidermal peels were frozen in liquid nitrogen and stored at À80°C until use. The frozen epidermal peels were ground in liquid nitrogen, followed by the addition of ice-cold methanol to deactivate the enzymes. After the addition of an internal standard [piperazine-N,N#-bis(2-ethanesulphonate) and methionine sulphone] for correct quantification, the sample solution was centrifuged. The supernatant was transferred to a 5 kDa cut-off filter and centrifuged at 15 000 g for 30 min. The filtrates were analysed using the CE/MS system controlled by ChemStation software (Agilent Technologies, Waldbronn, Germany) according to the method previously described by Takahashi et al. (2006) . Separations were carried out at À20 kV on a polyethylene glycolcoated capillary (DB-WAX; J&W Scientific, Folsom, CA, USA; 100 cm350 lm i.d.) using a running buffer containing 20 mM ammonium acetate (pH 6.8) at 20°C. The sheath liquid consisted of 2 mM ammonium acetate in 50% (v/v) methanol and was applied around the capillary at 6 ll min À1 using an Agilent 1100 series isocratic HPLC pump equipped with a 1:100 splitter for the stabilization of MS analysis. The accuracy was determined by the measurement of known concentrations of NAD, NADP, and nicotinate adenine dinucleotide (NaAD).
Protein extraction and determination of NMNAT, NADS, and NADases activities Epidermal peels were incubated for 0-2 h in incubation buffer A in the presence of 20 lM ABA and/or 20 lM DPI. Then, the epidermal peels were frozen in liquid nitrogen and stored at À80°C until use. The epidermal peels were ground in liquid nitrogen and total proteins were extracted using extraction buffer (50 mM HEPES, 1 mM EDTA), with the protease inhibitor cocktail (Roche, http://www.roche.com/home.html). Extracts were centrifuged at 10 000 g and the supernatant was dialysed in the extraction buffer and used in enzyme assays. Isolated GCPs and MCPs were incubated for 1 h in buffer 2 with or without 20 lM ABA. The sedimented cells were collected and frozen in liquid nitrogen, and then total proteins were extracted by grinding in and dialysing with the extraction buffer as described above.
For the NMNAT enzyme assay, a reaction mixture containing 25 mM TES/KOH (pH 7.6), 5 mM ATP, 150 mM nicotinamide, 1 mM MgCl 2 , and 4 mM nicotinate mononucleotide (NaMN), was incubated with dialysed protein extract at 30°C for 30 min. The reaction was then stopped by the addition of 1 M HCl after which the mixture was heated at 95°C for 2 min. After cooling in an ice bath, 1 M NaOH and 250 mM TES/KOH (pH 7.6) were added to the mixture to achieve pH 7.0, followed by centrifugation at 10 000 g for 10 min at 4°C. The reaction mixtures were filtered through 5 kDa cut-off filters (Millipore, Bedford, MA), and then the NaAD produced was quantified using CE/MS. For NADS enzyme assay, dialysed protein extract was incubated with a reaction mixture containing 25 mM TES/KOH (pH 7.6), 5 mM ATP, 150 mM nicotinamide, 1 mM MgCl 2 , 1 mM NaAD, and 20 mM L-glutamine at 30°C for 30 min. Immediately after the incubation, 1 M HCl was added, and the mixture was heated at 95°C for 2 min. After cooling in an ice bath, 1 M NaOH and 250 mM TES/KOH (pH 7.6) were added to the mixture to achieve pH 7.0, followed by centrifugation at 10 000 g for 10 min at 4°C. The reaction mixtures were filtered through 5 kDa cut-off filters (Millipore, Bedford, MA), and then the NAD produced was quantified using CE/MS. For the NADase enzyme assay, the dialysed protein extract was incubated with a reaction mixture containing 25 mM TES/KOH (pH 7.6), 1 mM MgCl 2 , and 40 lM NAD for 20 min at room temperature after which the mixture was heated at 95°C for 4 min. After cooling in an ice bath, the mixture was filtered through 5 kDa cut-off filters, and then the remnant NAD was quantified using CE/MS.
Phenotypic analyses
The histochemical b-glucuronidase assay was performed as previously described by Hashida et al. (2007) . Two-week-old NMNAT-GUS-expressing Arabidopsis seedlings grown on halfstrength MS medium were rinsed three times with staining buffer (100 mM sodium phosphate at pH 7.0, 10 mM EDTA, 0.5 mM K 4 Fe[CN] 6 , 0.5 mM K 3 Fe[CN] 6 , and 0.1% Triton X-100) and incubated for 18 h in staining buffer supplemented with 1 mM 5-bromo-4-chloro-3-indolyl b-D-glucuronic acid (X-gluc). Staining patterns were observed using a Leica DMR microscope and images were captured using a Leica DC200 photographic apparatus (http://www.leica-microsystems.com).
Green fluorescent protein (GFP)-tagged NMNAT-expressing Arabidopsis (NMNAT-GFP) seedlings grown on MS medium were counter-stained with propidium iodide (PI) before fluorescence imaging. Cellular localization of NMNAT-GFP was examined at 488 nm excitation wavelength using the Leica DMR microscope and the images were captured using the Leica DC200 photographic apparatus.
Stomatal aperture measurements were conducted as previously described (Pei et al., 1997) . Stomata on epidermal peels were preopened by the opening buffer under continuous light for 2 h. For single time measurements, ABA (0, 5 or 20 lM) or H 2 O 2 (200 lM) was added to the solution and stomata were recorded 1 h or 24 h later under the Leica DMR microscope. For time-course measurements, 20 lM ABA was added to the solution and stomata were recorded at the desired time using the Leica DMR microscope. For measuring the re-opening of stomata, epidermal peels that were incubated for 24 h with H 2 O 2 were washed twice with opening buffer and incubated for 2 h under continuous light. Stomatal apertures were measured using ImageJ software.
For water loss measurements in mature leaves, rosette leaves at a similar developmental stage as that of a 4-week-old Arabidopsis, were detached and left under dry conditions and weighed at the desired time points. For measurement of water loss during drought stress, 2-week-old Arabidopsis seedlings grown on Jiffy 7 peat soil (Sakata Seed Corporation, http://www.sakataseed.co.jp/) were used. Those above-ground parts were weighed 2 weeks after the termination of irrigation.
For ion leakage measurement, three leaf discs obtained from 3-week-old plants were floated on distilled water for 30 min under dark conditions. Subsequently, 150 mM H 2 O 2 , 0.6 lM methylviologen (MV; Nacalai Tesque) or 60 lM menadione (MD; Sigma) was added and vacuum-infiltrated for 5 min under dark conditions. Then, the leaf discs were incubated under continuous light at 23°C for varied periods (0, 6, 24, and 72 h) and the electrolyte leakage was monitored using an electrical conductivity meter (Horiba, B-173) (Yoshinaga et al., 2005) .
Viability of guard cells was assessed by double staining with fluorescein diacetate (FDA) and PI. In brief, after treatment with 50 lM ABA, 200 lM H 2 O 2 or 20 lM DPI for 24 h, the epidermal peels were immersed in a mixture of FDA (0.01%) and PI (0.1%) for 10 min and examined using the DMR microscope under blue light excitation (510 nm).
Results

NMNAT and other NAD biosynthetic genes are expressed in stomatal guard cells
In an effort to determine the sites where NAD biosynthesis occurs, four independent transgenic Arabidopsis thaliana plants expressing b-glucuronidase (GUS) driven by the NMNAT promoter were used (Hashida et al., 2007) . Consistent with our previous results, GUS staining was observed during the vegetative phase in the vascular bundles of young leaves ( Fig. 2A) . Moreover, remarkably, GUS staining was detected in mature stomatal guard cells while little or no staining was detected in either developing or pavement cells (Fig. 2A, B) . The NMNAT expression in Col-0 guard cells was further confirmed by RT-PCR analysis with GCPs (Fig. 2C) . The purity of GCPs was 97-99% on a cell basis and was further evaluated for contamination by MCPs using KAT1 and CA1 as RT-PCR markers for cell types, GCPs and MCPs, respectively (Pandey et al., 2002) . Amplification of CA1 transcripts was not detected in GCPs, indicating that GCPs had negligible contamination. A similar expression pattern was observed for NADS (Fig. 2C) , which acts at the final step of NAD biosynthesis in the Preiss-Handler dependent pathway, suggesting that the de novo and/or salvage NAD biosynthesis occurs in guard cells. Microarray data from the AtGenExpress Consortium (Arabidopsis eFP Browser) from Arabidopsis thaliana gene expression data showed a biased transcriptional regulation of NAD biosynthesis in various tissues of Arabidopsis and higher expressions of de novo and salvage NAD biosynthetic genes in GCPs (see Supplementary Fig. S1 and Supplementary Table S1 at JXB online). Based on transcriptional profiles of NAD biosynthetic genes in both guard cells and mesophyll cells (Yang et al., 2008) , transcriptional levels of Aspartate oxidase (At5g14760) and quinolinate phosphoribosyltransferase (At2g01350) were higher in guard cells than in mesophyll cells (see Supplementary Fig. S2 at JXB online). Other NAD biosynthetic genes showed comparable levels of transcription between guard cells and mesophyll cells with the exception of NAD kinase-1 and NAD kinase-2 (At3g21070 and At51g21640), which catalyses NAD phosphorylation in the presence of ATP (Turner et al., 2004) .
A transient decrease in NAD induced by ABA
To gain more insight into the functional role of NAD and NAD biosynthesis in stomata (i.e. stomatal movement), the levels of NAD (NAD + and NADH) and NADP (NADP + and NADPH) of epidermal peels were measured. In the absence of ABA, ROS levels were not increased (Fig. 3A , ROS, open symbols) and levels of NAD and NADP remained unchanged for the initial 2 h (Fig. 3A , NAD and NADP, closed symbols). Under similar conditions with ABA application, ROS levels reached a plateau at 30 min in our experimental conditions (Fig. 3A , ROS, open symbols) and NAD levels decreased by 35% within 15 min (Fig. 3A , NAD, open symbols), and were then gradually restored within 2 h. The transient decrease was induced by ABA in a dose-dependent manner (see Supplementary Fig. S3A at JXB online). The NADP level initially remained unchanged but increased by approximately 14% in the subsequent 15 min of incubation. The delay in the increase in NADP along with the decrease in NAD suggests a role of ABAinduced NAD degradation rather than NADP synthesis. To test whether epidermal peels containing guard cells lose NAD before NADP synthesis, the activity of NADase (NAD degradation) was measured. Consistent with the results of a decrease in NAD, the activation of NADase was immediately initiated by ABA (Fig. 3A, NADase) .
The decreased level of NAD was restored by activation of NMNAT, but not by NADS
As shown in Fig. 3A , ABA markedly enhanced NMNAT enzymatic activity but did not enhance NADS enzymatic activity. Similar activation was observed when another substrate, nicotinamide mononucleotide (NMN), was used for the assay (data not shown). Therefore, it appears that the level of NAD in the epidermis was restored by the activation of NMNAT, but not NADS. Interestingly, NMNAT activation occurred following NAD decrease, implying that the decrease in NAD initiated NAD biosynthesis. In addition, ABA stimulation of NMNAT activity was specific to GCPs (Fig. 3B) , while NADS showed no response to ABA in either cell type (data not shown). These results suggest that NMNAT functions as a key enzyme in NAD homeostasis during ABA signal transduction in stomatal guard cells. RT-PCR analysis demonstrated steady-state transcription of NMNAT and NADS in GCPs and MCPs even when treated with ABA under our experimental conditions (Fig. 2C ).
NMNAT modulation alters tolerance to drought stress but not to oxidative stress
To determine the in vivo function of NAD biosynthesis in stomatal movements, eight independent transgenic lines over-expressing NMNAT driven by the CaMV 35S promoter (NMNAT-ox lines) were analysed (see Supplementary Fig. S4A at JXB online). In the seedlings, NMNAT activity of these lines was enhanced while NADS activity remained unchanged (see Supplementary Fig. S4B at JXB online). Results obtained from representative lines (NMNAT-ox1 and NMNAT-ox2) are shown below. RT-PCR analysis revealed that NMNAT expression in the leaf epidermis including stomata was markedly higher than that in either Col-0 or the control transgenic line expressing b-glucuronidase driven by the CaMV 35S promoter (GUS line) (Fig. 4A) . Fluorescent microscopic observation confirmed NMNAT-GFP expression in guard cells under the control of the CaMV 35S promoter (Fig. 4B) . Consistent with the RT-PCR results, NMNAT over-expression resulted in elevated enzyme activity and levels of NAD in the leaf epidermis (Fig. 4C , black and white bars). Unexpectedly, the NADP level was also elevated by NMNAT overexpression (Fig. 4C , grey bars), resulting in a constant NADP/NAD ratio (Fig. 4D ). However, NAD or NADP enhancements were not observed when whole seedlings and mature rosette leaves were used (data not shown). Because of a lack of homozygous knockout nmnat lines or RNAi lines (e.g. gametophytically reduced male fertility and embryonic lethality (Hashida et al., 2007) ), a heterozygous nmnat mutant was used in this study as a NMNAT downregulated line. In the leaf epidermis of nmnat, the enzymatic activity and the NAD levels declined significantly while the transcription and NADP/NAD ratio were comparable to those of Col-0 or GUS plants (Fig. 4A, C, D) .
To compare ABA-induced stomatal closure among Col-0, GUS, nmnat and NMNAT-ox lines, leaf epidermal peels were prepared from mature rosettes and the stomatal apertures were recorded following ABA treatment. nmnat showed significant impairment in stomatal closure (Fig. 5A, B) . This was supported by the data showing the loss of water in the detached leaves and the above-ground parts of nmnat during drought stress (Fig. 6A, B) and those that showed nmnat plants exhibiting more severe wilting than GUS plants (Fig. 6C) . By contrast, NMNAT-ox lines readily responded with enhanced stomatal closure (Fig. 5A, B) , and thus NMNAT-ox1 and NMNAT-ox2 plants tended to be tolerant to drought stress (Fig. 6A, B, C) . The defect in stomatal closure and enhanced water loss in nmnat were complemented by NMNAT over-expression (see Supplementary Fig. S5 at JXB online). To determine if the enhanced drought tolerance of NMNAT-ox lines is because of their higher resistances to oxidative stress or as a consequence of their better stomatal responses, the leaf discs prepared from mature rosette leaves of GUS, nmnat, and NMNAT-ox lines were analysed for their reaction to H 2 O 2 , MV (an herbicide leading to production of ROS in chloroplasts), and MD (an inhibitor of mitochondrial respiratory complex I leading to the production of ROS in mitochondria or cytosol). Surprisingly, values of ion leakage caused by H 2 O 2 -, MV-, and MD-induced membrane damage were not significantly different among the GUS, nmnat, and NMNAT-ox lines (Fig. 7) .
NMNAT is responsible for tolerance to stressful oxidative signalling in guard cells during stomatal closure
In ABA signalling of guard cells, ROS is the rate-limiting second messenger and production is highly dependent on the nicotinamide co-enzyme (Kwak et al., 2003; Pei et al., 2000) . Thus, there was interest in examining if NMNAT modulation alters the ROS regulations of guard cells. In NMNAT-ox1 guard cells, ABA-induced ROS production was promoted albeit to a comparable level at the plateau (Fig. 8A, rhombus symbol) . As observed in the GUS line, ROS production reached a plateau at 30 min in nmnat guard cells, although the kinetics of ROS production was slightly delayed (Fig. 8A, square and circle symbols) . However, this result does not explain the reason for the Subsequently, the viability of guard cells under oxidative stress environments was investigated. Based on the florescence microscopic observation that enabled us to distinguish viable guard cells and dead guard cells (Fig. 8B) , more than half of the guard cells were found to be viable in GUS lines and NMNAT-ox lines 24 h after H 2 O 2 treatment under our experimental conditions (Fig. 8C) . Noticeably, H 2 O 2 markedly decreased nmnat guard cells viability and increased the population of dead cells (ca. 80% dead) suggesting oxidative stress susceptibility. The dead nmnat stomata resulted in reduced aperture as shown in Fig. 5A ; however, unlike GUS and NMNAT-ox plants, the stomata did not display further opening (Fig. 8D) . In addition to H 2 O 2 , ABA also increased the population of dead cells in nmnat (Fig. 8C) . Interestingly, the decreased levels of NAD in the nmnat epidermis was not restored (Fig. 9A) . To verify if ABA-induced oxidative stress caused guard cell death, a well-known ROS generation inhibitor was co-applied with ABA. DPI application recovered nmnat guard cell viability, and the ABA-induced NAD decrease and NMNAT activation were not detectable (Figs 8C, 9B, C; see Supplementary  Fig. S3B at JXB online).
Discussion
In this study, the role of NAD biosynthesis on leaf epidermis of stomatal guard cells in Arabidopsis was investigated. The promoter-reporter fusion analysis showed NMNAT expression in guard cells but not in developing cells, suggesting that mature stomata is the site of NAD biosynthesis. In fact, it was found that publicly available transcription profiles demonstrated expressions of the other Fig. 7 . Effects of H 2 O 2 , MV, and MD on leaf discs. Time-course analysis of electrolyte leakage from leaf discs. Three leaf discs prepared from 3-week-old plants were treated with water or 150 mM H 2 O 2 , 0.6 lM MV or 60 lM MD for 0, 6, 24, and 72 h. Data are presented as means 6SD of three or more experiments. NAD biosynthetic genes in guard cells (Yang et al., 2008) , indicating that the biosynthesis of NAD is involved in stomatal function rather than in stomatal formation.
ABA-induced initial NAD decrease is dependent on NAD-consuming reactions rather than NADP metabolism
Stomatal guard cells are believed actively to generate the energy required for the uptake of ions, the synthesis of anions, and the accumulation of osmotically active sugars in the regulation of stomatal aperture (Vavasseur and Raghavendra, 2005; Israelsson et al., 2006) . Thus, CO 2 uptake and water loss is co-ordinated in response to environmental changes and ABA levels. Accordingly, the participation of NAD in the machinery regulating stomatal movements as a redox-active co-enzyme has been demonstrated. In this study, it has been demonstrated that the ABA-induced ROS generation caused the NAD decrease in the epidermis including in stomata. It has been reported previously that the change in the NAD content in response to ABA was relatively small in Arabidopsis seedlings (Shen et al., 2006) . In fact, a negligible NAD fluctuation was also observed in our experiment when whole seedlings and leaves were used (S-n Hashida, unpublished data). It is believed that NAD differences between whole seedlings and guard cells are due to a significant masking of NAD fluctuation by other cell types present in whole seedlings. The NAD coenzymes also participate in various redox-associated catabolic and anabolic reactions in a cell-specific manner in all living cells. In this study, preparations of leaf epidermis containing stomata enabled the detection of significant NAD fluctuations. Importantly, a decrease in NAD is preceded by an increase in NADP levels (Fig. 3A) . Furthermore, NADP is generated by NAD kinase (NADK, EC 2.7.1.23) catalysing direct NAD phosphorylation. Therefore, if the levels of NADP are increased at the expense of NAD, the timing of the NADP increase should be correlated with the decrease in NAD levels. However, the delay in NADP increase strongly suggests that NAD decrease was not directly caused by NADP synthesis. After the NADP increase, the NADP level was higher compared with the control levels. Furthermore, the decreased NAD levels were gradually restored within 2 h. Based on these results, the possible involvement of NADP phosphatase in the restoration of NAD by converting NADP to NAD has been ruled out (Gallais et al., 2000) . Thus, the NAD decrease and its restoration are independent from NADP metabolism.
Importantly, the degradation and metabolism of NAD were promoted coincidentally at the same time as the decrease in NAD levels in response to ABA. This observation suggests that an ABA-induced event may be accompanied by NAD-consuming reactions. However, the pathways involved in NAD decrease during ABA signalling in stomata are unknown. It is known that Arabidopsis encodes nine putative PARP genes and at least 24 Nudix hydrolase (NUDT) genes that may be involved in the decrease of cellular NAD levels (Jambunathan and Mahalingam, 2006; Ogawa et al., 2005; Teotia and Lamb, 2009) . Although most of these genes have not been functionally identified, AtPARP and AtPARP2 have been implicated in DNA repair (De Block et al., 2005) , RCD1 and SRO1 in transcription and ion transport (Ahlfors et al., 2004; Katiyar-Agarwal et al., 2006; Teotia and Lamb, 2009) , and AtNUDT2 and AtNUDT7 in response to oxidative stress Ogawa et al., 2009) . Interestingly, seven out of the 33 genes (RCD1, SRO2, SRO5, AtNUDT3, AtNUDT7, AtNUDT15, and AtNUDT17) exhibited higher expression in guard cells than in NAD biosynthetic genes (see Supplementary Fig. S2 at JXB online) (Yang et al., 2008) . Further research is warranted to identify the candidate genes responsible for the NAD decrease in guard cells.
Guard cells are in tight equilibrium between oxidative stress response and signalling events for stomatal movement In this study, over-expression of NMNAT resulted in an increased tolerance to drought stress. It has been reported that NADP synthesis is promoted under oxidative stress in bacteria, yeast, and plants (Strand et al., 2003; Berrin et al., 2005; Grose et al., 2006) including transgenic rice, and this enhanced NAD and NADP synthesis confers oxidative stress tolerance (Hayashi et al., 2005) . Since NAD is the only precursor for NADP synthesis, enhanced NAD synthesis is expected to increase both the NADP level and the tolerance to oxidative stress. However, unlike transgenic rice overexpressing NAD kinase (Takahara et al., 2010) , leaf discs of NMNAT-ox lines did not exhibit a substantial enhancement of tolerance to oxidative stress. Therefore, the drought tolerance conferred by NMNAT over-expression may not only be because of increased tolerance to oxidative stress.
Interestingly, guard cells of NMNAT-ox lines provide a better stomatal response to ABA that coincided with an accelerated ROS generation (Figs 5A, 8A) . Whereas ROS toxicity can lead to the oxidative destruction of cells (Mittler, 2002; Overmyer et al., 2003) , the ABA-induced ROS generation is known to be rate-limiting for I Ca channel activation of guard cells on stomatal closure (Murata et al., 2001; Kwak et al., 2003) . It has been reported that ABA enhances antioxidant enzyme activities, including superoxide dismutase, catalase, and ascorbate peroxidase (Zhou et al., 2005) . Therefore, a robust defence system against oxidative stress, which is dependent on both the scavenging system, possibly via redox-related NAD co-enzymes, and the NADconsuming systems that is accompanied by the decrease in NAD (Doucet-Chabeaud et al., 2001; Hayashi et al., 2005) , would be harnessed in regulatory mechanisms for stomatal closure. In fact, guard cells of NMNAT-ox showed enhanced NAD restoration (Fig. 9A ), resulting in a higher viability compared with the control (GUS) line under oxidative conditions. By contrast, guard cells of nmnat mutants failed to restore ABA-induced NAD decrease and died during the stomatal closure. Dead stomata can reduce the aperture to some extent, but this closure may be insufficient to prevent water loss from drought stress (Fig. 5A ). Since cell death means a loss of turgor pressure that is important to keep the stomata open, the dead stomata are rendered non-functional. In other words, nmnat mutants showed a malfunction of stomatal movement once it had been exposed to oxidative stress. Therefore, the maintenance of NAD levels in guard cells could be a determining step for stomata-mediated adaptation to environment changes. Coregulation of the ROS generating system with a detoxification system that depends on the NAD co-enzyme may support sustainable stomatal movements in response to various environmental changes. Thus, it indicates that functional guard cells are in tight equilibrium between oxidative stress responses and signalling events for stomatal movement. Manipulation of both steady-state NAD levels and the acceleration of NAD biosynthesis can be used as a new strategy for the regulation of sustainable stomatal movement and the adaptation to inconstant stressful environments such as drought and oxidative stress (Mittler, 2006) .
Tuned NMNAT activity to prevent runaway NAD biosynthesis
It has been reported that, in Arabidopsis, the mutant onset of leaf death 5 (old5) causes increased NAD steady-state levels with an increase in the activity of NAD biosynthesis enzymes (Schippers et al., 2008) . Unlike NMNAT-ox lines, old5 shows early ageing because of increased oxidative stress even under non-stressful growth conditions. The main difference between NMNAT-ox lines and old5 is in the enzymatic activity of NADS. The NADS activity in NMNAT-ox lines is in a steady state, while the activity in the old5 mutant is approximately 1.5-2-fold higher, and there are no reports of NMNAT activity. Therefore, the old5 mutant could perturb NAD homeostasis via undesired NADS activation more easily than by NMNAT activation. The increased NADS activity in old5 is predicted to be post-transcriptionally regulated (Schippers et al., 2008) . Similarly, NMNAT activity may be tuned by posttranscriptional control because the increase in activity was not associated with transcription as shown in guard cells and mesophyll cells (Figs 2C, 3A) . This may well explain why the over-expression of NMNAT had limited impact on Arabidopsis development under normal growth conditions. However, it is not clear how the NMNAT activity is regulated post-transcriptionally. It has been reported that human NMNAT-1 is subjected to phosphorylation by protein kinase C (Berger et al., 2007) . Because the Arabidopsis protein phosphorylation and dephosphorylation circuit is profoundly altered by ABA and several downstream signalling events (Mishra et al., 2006; Yoshida et al., 2006) , the activation of NMNAT may be reminiscent of a phosphorylation-dependent regulation. When ABA-induced ROS generation was impaired, neither NAD decrease nor NMNAT activation was observed (Fig. 9B, C) . Moreover, maximal NMNAT activation was preceded by NAD decrease (Fig. 3A) . These results suggest that NMNAT activation occurs downstream of ROS generation or NAD decrease. It is also unclear how the guard cells sense the NAD decrease and replenish its NAD amount via NMNAT activation. The molecular mechanisms underlying the sensing of the cellular NAD co-enzymes remain to be elucidated, although it is important for the maintenance of NAD homeostasis that finely orchestrates plant cell metabolism. Further studies are required to explore the regulatory circuit that senses the level of NAD co-enzymes and determines if the level is sufficient for proceeding with cellular function.
Supplementary data
Supplementary data are available at JXB online. Supplementary Fig. S1 . Transcriptional analysis of NAD biosynthetic genes. Supplementary Fig. S2 . Transcriptional profiles of NAD biosynthetic genes and putative NAD-consuming genes in both guard cells and mesophyll cells. Supplementary Fig. S3 . Decreased NAD levels by ABA application. Supplementary Fig. S4 . Expression of NMNAT transgene and enzymatic activity of NMNAT-ox lines.
Supplementary Fig. S5 . NMNAT over-expression complements defects of nmnat in ABA-induced stomatal closure and drought stress tolerance.
Supplementary Table S1 . Data set for the transcriptional analysis of NAD biosynthetic genes.
